Food Deprivation as an Evolutionary Tactic
The life histories of several groups of mammals include periods of either short or prolonged bouts of complete food deprivation (30, 93, 94, 101, 121, 122, 137) . These fasting periods are often coupled with specific life-history events, including hibernation, mating, molting, and migration (5, 30, 40, 65, 93, 94) . For example, molting emperor and king penguins must remain ashore following the loss of plumage, resulting in reduced thermal capacity and inability to feed during this time (47). Adaptive fasting is therefore an inherent survival tactic and adaptation rather than a pathophysiological detriment, and is distinct from starvation. Adaptive fasting strategies are highly variable and dependent on the quantity of endogenous fuel stores. Although the lengths of fasts are variable, the physiological consequences of adaptive fasting are generally classified into specific phases that are driven largely by metabolic responses to loss of ingested nutrients. Here, we attempt to characterize these phases in animals naturally adapted to protracted periods of food deprivation in contrast to the well established and recognized phases of starvation defined by Cahill and colleagues (22) . Given that fasting is also coupled with dynamic changes in endocrine signaling, especially thyroid hormonemediated cellular events that should tightly regulate energy homeostasis (6) , prolonged periods of food deprivation can also lead to intermittent insulin resistance (48), which, as a coping mechanism, enables metabolic shifts that spare glucose and lean tissue (129, (131) (132) (133) . Most recently, the relationships between changes in thyroidal status and its contribution to, or regulation by, insulin signaling and glucose homeostasis have been well established as detrimental, leading to pathophysiological conditions in humans (59, 123, 134), although the specific mechanisms remain largely elusive. Most studies to date have relied heavily on using genetically altered and physiologically modified animal models to study the effects of abnormal thyroidal status on insulin signaling in an effort to better assess the significance and contributions of these endocrine systems to diseases such as insulin resistance and Type 2 diabetes. Unfortunately, many of these imposed alterations do not often mimic normal signaling pathways that can lead to unintended perturbations in other systems, which remain uncharacterized and can confound the interpretation of the results. In our review, we examine mammals that undergo natural bouts of fasting, providing a unique insight into how animals that have evolved natural physiological adaptations tolerate and thrive during intermittent states of disrupted insulin signaling ( Table 1) .
Phases of Starvation vs. Adaptive Fasting
Phase I of fasting is comprised of a short period of digestive acclimatization, during which energy output and metabolic rate decrease, albeit the degree of these reductions varies with species, given that, in some mammals, metabolic rate drastically increases (11, 16, 22, 71, 72, 76) . In adult male northern elephant seals, for example, breeding fasts are associated with energy expenditures that are 3.1 times the metabolic rate predicted by Kleiber (29). During phase I, tissues are primarily metabolizing glucose as their main fuel source, and the origin of blood glucose is considered exogenous (11, 16, 22, 71, 72, 76) . Phase I is followed by a comparatively longer phase II (generally the longest), in which lipid stores are mobilized to near depletion and lean tissue is sparred. During phase II, metabolic rates are continually depressed, and the utilized glucose is now a product of primarily gluconeogenesis (11, 16, 71, 72, 76) . In phase III, the organism transitions from lipid catabolism to protein catabolism, a phase that can be averted if feeding resumes. Body mass loss is accelerated in phase III (105) . Phase III is often characterized by irreversible protein catabolism, leading to death due to functional degeneration of cells if feeding is not promptly restored (11, 16, 71, 72, 76) . The transitions between phases are associated with dynamic shifts in cellular metabolism and ultimately respiratory quotient (RQ). However, in naturally adapted animals, although the metabolic shifts may be extremely dynamic at a cellular level, these shifts do not usually translate into profound changes in RQ or the development of ketoacidosis. Hence, a principal distinction between starvation and adaptive fasting is the maintenance of a relatively stable RQ (usually closer to 0.70), independent of ketoacidosis and cachexia (55, 56, 114) . Additionally, given that metabolic depression is a key component to adaptive fasting (in most mammals) that extends endogenous fuel supplies, endocrine modulation of metabolism must also be tightly regulated. Cellular metabolism is regulated primarily by thyroid hormones (TH), which are decreased across almost all mammals during times of either short or especially prolonged food deprivation or starvation (6, 16, 21, 22, 33, 93, 94, 98, 110, 138) . Given that TH are the major endocrine modulators of metabolic rates, having profound effects on substrate metabolism, oxygen consumption, and subsequently RQ, the next section will focus on and examine thyroid responses to fasting (49).
Thyroid Hormone-Driven Cellular Metabolism and Fasting
The secretion of TH from the thyroid gland is regulated by the hypothalamic-pituitary-thyroid (HPT) axis (58, 89). Stimulation of the gland by the pituitary-derived hormone, thyroid stimulating hormone (TSH), results in the secretion of both triiodothyronine (T3) and thyroxine (T4) into circulation, which enter the cell membrane through transporters such as alpha-v beta-3 and monocarboxylate transporter 8 (MCT8) (41, 116). Until recently, T4 was considered a prohormone to the biologically active T3, given the inability of T4 to bind its nuclear receptor and induce TH-mediated genomic action (32, 61). This canonical, classical genomic TH pathway requires the deiodination of T4 by either deiodinase type 1 (DI1) or 2 (DI2) (67). Their capacity to deiodinate T4 in enzyme-specific manners, i.e., removal of iodine atoms from phenolic (outer) or tyrosil (inner) rings, the rate of deiodination, or the enzymes activity, offers a crucial regulatory step in TH-mediated events that is likely as important as the regulation of TH secretion. For example, with the capacity to remove iodine moieties from either of the phenolic of tyrosil rings, DI1 has the capacity to convert T4 into T3 (phenolic deiodination) and reverse T3 (rT3) (tyrosil deiodination). Reverse T3 is the inactive form of T3, primarily formed by deiodination by DI3, and lacks the capacity to properly bind nuclear TH receptors. Unlike DI1, DI2 and DI3 can A summary of human, rat, and comparative animal studies* assessed, demonstrating thyroid, glucose, insulin, and other metabolites/hormones response to fasting. TRH, thyrotropin-releasing hormone; TSH, thyroid stimulating hormone; T4, thyroxine; tT4, total thyroxine; fT4, free thyroxine; T3, triiodothyronine; tT3. total triiodothyronine; fT3, free triiodothyronine; rT3, reverse triiodothyronine; DAG, diacylglycerol. *Data for king penguins is added for comparative purposes to provide some insight on evolutionary changes.
only remove iodine moieties from either the outer or the inner rings, respectively, making DI2 primarily responsible for activation of TH, and DI3 primarily responsible for suppression of cellular metabolism (14, 27, 54, 85) . Once converted to T3, this biologically active form of TH binds its tissuespecific nuclear receptor, which then activates the thyroid response element (TRE) and drives the transcription of genes associated with substrate metabolism via the recruitment of co-activator complexes (43, 126). However, recently, it has become more evident that T4 has a potent, non-genomic capacity to drive metabolism, which may be much more efficient because the mechanism is independent of binding of the nuclear receptor (32, 61). A thorough review of the literature reveals that the typical response to fasting is suppression of TH-mediated cellular events. This response is well documented in not only humans and rodents but also in natural models of adaptive fasting. For example, in humans, TSH is suppressed with fasting duration, resulting in reduced circulating levels of TH (6, 7, 21, 118) . Moreover, DI activity and receptor availability are also both downregulated in humans during fasting (4, 97) . In rodents, caloric restriction also depressed TH levels (51, 66), and complete fasting decreased DI1 activity coupled with increased circulating levels of rT3 (121) . In hibernating black bears, levels of free T4 (fT4) and T3 (fT3) decreased with fasting duration (122) . However, in hibernating little brown bats (Myotis lucifugus), total T4 (tT4) levels increased during hibernation with notably high levels observed during arousal (26). This paradoxical increase in tT4 was suggested to be physiologically regulating or contributing to important sex-related changes rather than increasing cellular metabolism (30). However, in female sheath-tailed bats (Taphozous longimanus), the thyroid gland remained inactive during early to mid-winter dormancy, becoming active during late winter dormancy, which was coupled with the breeding season (124) . Last, in hibernating ground squirrels (Spermophilus richardsoni), circulating levels of TH increased, absent the availability of hepatic nuclear receptors, rendering the levels cryptically hyperthyroid (93, 94) . Despite the variability in the fasting-induced responses of TH and its cellular-associated actions, the majority of these data suggest that food deprivation suppresses TH-mediated cellular events or renders target-tissues unavailable to TH-mediated actions (FIGURE 1).
Intriguingly, unlike most fasting mammals, northern elephant seal pups do not decrease cellular TH-mediated events (80, 81, 101) . Their FIGURE 1. Schematic representation of cellular, thyroid hormone mediate activity Schematic representation of cellular, thyroid hormone mediate activity in humans (A), squirrels (B), rodents (C), and elephant seals (D). ␣v␤3, Alpha-v beta-3; MCT8, monocarboxylate transporter 8; T4, thyroxine; T3, triiodothyronine; rT3, reverse triiodothyronine; DI1, deiodinase type 1; DI2, deiodinase type 2; DI3, deiodinase type 3; ER, endoplasmic reticulum; TRE, thyroid hormone response element; RXR, retinoid X receptor; THr␤1, thyroid hormone receptor beta 1; Co-Act, co-activator complexes; HAT, histone acetyl transferase; NCo-R, nuclear co-repressor complexes; HDAC, histone deacetylase activity. unique 2-to 3-mo fast is coupled with paradoxical changes in thyroidal function (80, 81, 101, 127, 129 -133) . Although their fast is characterized by modest increases in circulating levels of T4 and T3, recently we showed that these modest changes masked the substantial increases in TH secretion due to increased cellular metabolism of the circulating levels with fasting duration (80, 81) (FIGURE 1).
Thyroid Status and Insulin Resistance
Another endocrine response/consequence of food deprivation is the onset of insulin resistance that spares glucose for glucose-dependent tissues such as the central nervous system (28, 42, 48, 52, 53, 131, 133) . Fasting in humans is associated with a drop in plasma glucose, a drop that is sustained for up to 33 days of fasting, and decreased plasma insulin; a similar response is seen in rats (23, 46, 62). Interestingly, derangements in circulating levels of TH are associated with insulin resistance. Seminal studies have highlighted the contribution of thyroid hormone-associated derangements to the incidence of insulin resistance, wherein a partial thyroidectomy was associated with improvements in insulin resistance and restored glucose tolerance in diabetic subjects with hyperthyroidism (9, 57, 64, 70) . It is therefore not surprising that thyroid disease and diabetes mellitus are the two most common endocrine-related derangements treated concurrently in medical practice today (135) . Thus it has become increasingly evident that TH and insulin signaling are related, wherein an aberration in one can lead to dysregulation in the other (39). Moreover, the contributions of TH to insulin signaling and glucose metabolism, albeit poorly defined to date, are evident even in euthyroid human subjects in which low levels of T4 within the normal range are correlated with increased prevalence of insulin resistance (68, 99, 107-109).
Dysregulation of carbohydrate metabolism and thyroidal derangements are strongly correlated. This is evident from studies that show that the severity of the metabolic disorder is linearly proportional to the thyroidal derangement, and from other studies that suggest that the effects of T3 on glucose metabolism are as substantial as those of insulin (17, 75, 81) . TH can directly and indirectly regulate insulin secretion either by reducing glucose-induced insulin secretion or by reducing ␤-cell responsiveness that results from increases in cell mass in hypo-and hyperthyroidisms, respectively (87, 120) . It is worth noting the importance of tissue cross talk in the development of insulin resistance, given that proper insulin signaling is restored when cross talk between tissue types is removed. For example, muscle cells taken from insulin-resistant subjects respond normally to insulin, which is not the case when myocytes and adipocytes are co-cultured (106) . Given that normal glucose regulation can be disrupted by either an excess or a diminished amount of TH, the next two sections will focus on the contributions of the two to disrupting normal glucose utilization and insulin signaling.
Hyperthyroidism and Insulin Resistance
The physiological role of TH in increasing the rate of metabolism has been well established (33, 74, 84, 111) . In a hyperthyroid state, glucose depletion increases substantially to counteract the loss in energy, increasing the demand for insulin in peripheral tissues, which is itself driven by increases in insulin-stimulated glucose oxidation rates. This increase in utilization rate eventually leads to a decrease in hepatic insulin sensitivity (25, 37). Hyperthyroidism is also associated with increased venous blood flow associated with increased absorption of glucose from the GI tract, which leads to hyperglycemia and the subsequent increase in glucose-stimulated insulin secretion (20). Impaired glucose tolerance, in hyperthyroid subjects, is therefore largely an effect of increased glucose turnover as a result of increased GI glucose absorption, which also leads to postabsorptive hyperglycemia, increased hepatic glucose output, as well as increased fasting and postprandial insulin (20). Additionally, hyperthyroid subjects are more prone to increased ketoacidosis resulting from excessive thyroid-stimulated lipolysis (13) . The effects of excess TH are quite variable in different tissues, exerting both insulin agonistic and antagonistic actions in a tissue-specific manner. In normal subjects, this occurs in physiological balance, maintaining normal glucose metabolism. Hyperthyroidism is associated with increased hepatic gluconeogenesis through either the canonical transcription-mediated TH pathway involving the gluconeogenic-driving proteins and glucose transporters or as a consequence of secondary influences on hepatocytes, thereby decreasing hepatic insulin sensitivity (88, 136) . Hyperthyroid-induced hepatic insulin resistance is mediated through a combination of receptor-mediated gene transcription actions, increased glucose transporter 2, increased glucose efflux, and increased plasma free fatty acids (88, 112, 136) . More specifically, hyperthyroidism leads to impaired glucose tolerance, which has been observed following oral glucose loading in hyperthyroid subjects (88, 112, 136) . Studies suggest that this is caused by abnormal glucose metabolism in peripheral tissues such as fat and muscle, and abnormal hepatic glucose metabolism, which TH directly contribute to (8, 112, 136) . Abnormal increases in glucose efflux and gluconeogenesis contribute to impaired glucose tolerance (8, 112, 136) . Gluconeogenesis in the liver leads to quick glucose transport across the hepatocyte's plasma membrane, and this efflux of glucose across the hepatocyte plasma membrane is facilitated by transporters such as glucose transporter 2 (GLUT2), highlighting the transporter's role in the impairment of hepatic insulin action, the expression of which is also regulated by TH genomic action (8, 112, 136) . In peripheral tissues, such as muscle and adipose, hyperthyroidism increases glucose utilization by increasing gluconeogenesis via hepatic glucose production during fasting and through the Cori cycle in postprandial states (87, 115) . In adipose, hyperthyroidism has been associated with both increased and decreased insulin sensitivity (87) . Increased concentrations of adipokines, including interleukin 6 and tumor necrosis factor alpha, may promote insulin resistance in peripheral tissues in hyperthyroidism (86) . Hyperthyroidism also increased glycolysis in muscle, with a concomitant increase in peripheral lactate, which becomes a substrate for hepatic glucose production. Furthermore, the severity of the dysregulation in TH-mediated events increases with age. For example, mice lacking a mitochondrial T3 receptor are more susceptible to glucose intolerance and become more insulin resistant with age, suggesting that organelle-specific perturbations contribute to the development of insulin resistance, especially as it pertains to pancreatic ␤-cell dysfunction (12) . Peripheral glucose utilization is increased in hyperthyroid states, as measured by euglycaemic hyperinsulinaemic clamp (36). Additionally, insulin resistance associated with hyperthyroidism likely involves changes in other hormones. Changes in overall energy homeostasis, as indicated by hypoghrelinemia and increased glucagon-to-ghrelin ratios, have been implicated in the development of insulin resistance in hyperthyroidism (2). Additionally, adiponectin, an important adipokine that increases insulin sensitivity, is elevated in hyperthyroidism (2, 69) (FIGURE 2).
Hypothyroidism and Insulin Resistance
Hypothyroidism has also been associated with several key peripheral effects on insulin secretion and glucose metabolism. In contrast to hyperthyroidism, hypothyroidism reduces glucose absorption from the GI tract (31). It is also associated with an almost complete cessation of hepatic glucose production and an increase in insulin levels (3).
Homeostasis model assessment insulin resistance (HOMA-IR) values were higher in subjects with subclinical hypothyroidism compared with euthyroid subjects (134), suggesting that reduced TH levels contribute to insulin resistance. Moreover, TSH was positively correlated with insulin and HOMA-IR values, whereas fT4 and fT3 were inversely correlated with insulin and HOMA-IR (134). Although these relationships may be difficult to reconcile in the face of the data on associations between hyperthyroidism and insulin resistance, they do suggest that alterations in cellular THassociated events (i.e., deiodination) have the potential to contribute to the development of insulin resistance and glucose disposal (134). Several other studies have reported that increases in TSH levels are associated with insulin resistance and clearly demonstrate that hypothyroidism is linked to increases in insulin resistance (9, 134) . Even modest increases in TSH are associated with subclinical hypothyroidism, and are correlated with insulin resistance and hyperlipidemia (15, 59, 68, 77) . TSH has the capacity to directly induce adipogenesis, and PPAR␥ receptor agonism can potently stimulate TSH receptor expression and adipogenesis (125) . TSH may also regulate the expression of adipokines through a TSHr-mediated process (117) (FIGURE 2).
Fasting-Adapted Mammals as Natural Models for Human Disease
Perhaps the most confounding aspect of elucidating the contributions of TH to insulin signaling and resistance is that different types of TH-associated aberrations have profoundly different outcomes. Even more perplexing is that some studies have found no correlation between thyroid hormone status and insulin sensitivity (38, 50, 103). In 
hypo-or hyperthyroidism, can be a confounding variable that contributes to incongruent data among studies. For example, a transgenic mouse expressing the human thyroid-stimulating Ab (TSAb) lacks the lymphocyte aggregates characteristic of Graves's disease, making immunological studies associated with TH challenging (63). Other models include immunization with specific expression vectors or adenovirus, which may not be possible in many naturally existing animal models with a unique physiology (92) . Therefore, studies in animals that have naturally evolved robust physiological mechanisms to tolerate extreme nutritional conditions, such as protracted periods of food and water deprivation, may provide unique opportunities to gain insight into the relationships between TH and insulin signaling. Although we recognize that much work remains to better elucidate the relationships between TH and insulin signaling, sufficient data now exist from animals naturally adapted to fasting to allow for some intriguing insights.
In raccoon dogs (Nyctereutes procyonoides), circulating levels of T4 decreased after 4 wk of fasting, with levels increasing slightly after 8 wk, but not nearly back to baseline levels (95) . Circulating levels of T3 also decreased after 4 wk of fasting and continued to fall after 8 wk, suggesting that the slight increases in T4 may have been the result of reduced DI1 or DI2, decreasing the potential for genomic TH-mediated effects (95) . In these animals, plasma insulin levels decreased over 50% after 8 wk of fasting, indicating that fasting induced reciprocal changes in TH and insulin (95) . The decreases in TH and insulin may be key adaptions to allow other factors or hormones to increase triglyceride hydrolysis while sparing lean tissue (decreased protein catabolism) (90) . American black bears (Ursus americanus) hibernate between December and April, abstaining from both food and water intake (83) . Injecting hibernating bears with insulin and glucagon, separately, showed that insulin clearance was delayed and glucose levels dropped in response to exogenous insulin; glucagon responses to exogenous insulin were also delayed (104) . In response to exogenous glucagon, clearance of glucagon and return to baseline levels were delayed. Similarly, insulin clearance in response to exogenous glucagon was also suppressed during hibernation, delaying the return to baseline values (104) . Furthermore, the corticosteroid response was blunted in response to exogenous glucagon administration compared with the insulin infusion. Overall, a decrease in plasma glucose coupled with delayed insulin responses to external stimulation during hibernation indicated increased lipolysis and a metabolic shift toward lipid mobilization (104) . Additionally, hibernation-associated food deprivation induced hypothyroidism in bears, despite the fact that examination of the thyroid gland from a bear after 2 mo of hibernation, revealed normal histology (113, 122) , suggesting that the hypothyroidism had no aberrant effects on the gland. Paradoxically, levels of rT3 also deceased during hibernation, suggesting that the hypothyroidism associated with hibernation was likely not a function of rT3 antagonism of the TH receptor (8) . Interestingly, the hypothyroidism observed in hibernating black bears and its associated transient insulin resistance, assessed by combined glucose and insulin tolerance tests, occurred whether the animal hibernated or not. This intriguing finding was demonstrated in a study where captive, non-hibernating bears retained similar physiological responses to the winter season as their wild and hibernating counterparts (83) .
In captive gray wolves (Canis lupus), T3 and plasma insulin levels decreased during a 10-day fasting period, although glucose levels were not affected (35). Comparatively, in fed wolves, increased plasma insulin levels were likely the result of an influx of glucose from absorption to portal circulation (35). Moreover, triglyceride levels decreased in fasted wolves, suggesting that TG hydrolysis was increased and may partially explain the maintenance of plasma glucose levels. Similarly, T3 and plasma insulin levels also decreased in fasted blue foxes (Alopex lagopus); however, T4 levels remained elevated, if not maintained, with a 22-day fast (91) . Additionally, the initial, acute (first 48 h) period was characterized by increases in plasma glucose in the presence of decreasing insulin. This same phenomenon has been observed in the domestic dog, where the rate of liver glycogen degradation is the most dramatic at the onset of food deprivation, specifically the first 48 h (34). Following the depletion of glycogen storage, gluconeogenesis became the main metabolic support, which caused hypoglycemia in the blue foxes during some fasting phases. De novo glucose synthesis was likely a result of decreasing plasma insulin, coupled with increases in plasma glucagon.
In sub-Antarctic fur seal (Arctocephalus tropicalis) pups, plasma TH levels were either maintained or increased with fasting duration, with exception of tT4, which decreased (128) . The maintenance of fT4, fT3, and tT3 with fasting in seal pups may indicate reduced deiodinase activity coupled with a lack of any effect on receptor availability. Thus decreases in deiodinase activity/content and receptor binding could account for reduced hormone clearance from circulation, resulting in either elevated or maintained circulating levels. A drop in insulin levels early in the fast were associated with a 20% increase in glucose levels, as would be expected, but in so doing over a prolonged period, it would contribute to protein sparring and promoting lipolysis (128) .
King penguins (Aptenodytes patagonicus) undergo unique hormonal and metabolic changes during breeding, which is also associated with prolonged food deprivation. At the beginning of their fast, king penguins exhibited a peak in T3 levels while T4 levels declined substantially (26). However, by the end of phase II, and during phase III of the starvation paradigm, T3 decreased to undetectable levels. During phase II, gluconeogenesis decreased, marking the metabolic switch to lipid oxidation to sustain energy expenditure and spare lean tissue (26). During the overall fast, plasma insulin levels did not change but were characterized by increased plasma glucagon and decreased plasma T3 and T4, suggesting that the protein sparring phase in King penguins necessitates low insulin and TH plasma levels. During phase III, characterized by a shift into protein utilization, fasting was associated with increased plasma corticosterone and glucagon, likely enabling gluconeogenesis from amino acids (26). Although king penguins are birds, the changes to prolonged fasting have a striking resemblance to that seen in mammals adapted to fasting; the phases of fasting and their associated hormonal and metabolic changes are similar to those found in most mammals and birds (26, 44, 45).
Northern elephant seal (Mirounga angustirostris) pups undergo a 2-to 3-mo post-weaning fast (18), characterized by a perplexing suite of physiological events (80, 81, 100, 101, 127, 129 -133) . Over the course of their postweaning fast, pups develop adipose-specific insulin resistance associated with an increase in TH production, leading to increased cellular TH-mediated responses (79, 82, 129, 130, 132, 133) . In response to a TSH infusion, both T4 and T3 increased in late-fasted pups. These increases occurred while muscle DI1 and DI2 expressions increased, suggesting that the fast enhances cellular TH-mediated events likely to support the animal's energetic needs as the fast progresses. More recently, our group has shown that DI3 expression levels are regulated epigenetically, since methylation increased in muscle much faster than in adipose (78, 79, 82) . These data suggest a strong inhibition via epigenetic modification of the suppressive mechanisms of cellular metabolism to permissively increase TH-mediated cellular events. These, and likely other, epigenetic effects may constitute a suite of physiological adaptations that allow seals to tolerate and thrive during protracted periods of food deprivation. Associated with these changes in TH signaling during prolonged fasting were decreases in insulin and adiponectin, which combined would desensitize insulin signaling. The prolonged fast in elephant seal pups is also characterized by relatively high blood glucose levels, increased nonesterfied fatty acid, adipose diacylglycerol (DAG) accumulation, and impaired adipose insulin signaling (130, 133) . Collectively, the thyroidal status of fasting seals would be considered euthyroid, since the cellular capacity is enhanced with fasting duration despite the presence of tissue-specific insulin resistance, suggesting that the contribution of TH and insulin signaling to the adaptation to prolonged fasting may be unique in these animals.
Insights Into Thyroidal Modulation of Insulin Resistance From FastingAdapted Mammals
Examining the specific thyroidal changes associated with normal responses to physiological adaptations such as fasting is a useful tool in the assessment of how this endocrine system contributes to changes in substrate metabolism and insulin signaling. Careful study of several unique fasting-adapted mammals has provided valuable information that mitigates undesirable side-effects that can complicate interpretation of results gained from pathophysiological models. When human subjects become insulin resistant, it is normally the result of impaired insulin signaling in muscle given that muscle is the largest glucose sink in the body. Yet, northern elephant seal pups, which have exceptionally large adipose stores [ϳ45% of body mass (96, 100)] develop adiposespecific insulin resistance while fasting, whereas muscle remains insulin sensitive (129, (131) (132) (133) . Studies with northern elephant seals suggest that the fasting-induced increase in adipose DAG accumulation may be a contributing factor in the development of cellular insulin resistance (130) , although the signal that drives DAG accumulation in these animals is still under investigation. Perfusion of livers of hypothyroid mice with T4 increased hepatocyte DAG accumulation, suggesting that T4 drives DAG accumulation (60). Additionally, T4 was shown to non-genomically drive DAG accumulation in hepatocytes via activation of phospholipase C, phospholipase D, and protein kinase C (61), suggesting that the link between thyroid hormones and insulin resistance may be hepatic (or other tissue) via DAG accumulation. Another clue may lie in the processes that generate fT4, since a number of fasting-adapted animals display an increase in fT4 in response to fasting, including hibernation (93, 94, 102) . In addition, another intriguing mechanism may be signaling through the peripheral TSH receptor, which has been reported in many non-thyroid tissues, including adipose (1, 10) . Activation of adipose TSHr led to DAG accumulation and increased activity and concentration of pertinent kinases and second messengers (24, 139) . Although the expression of TSHr in muscle is controversial (19, 119), confirmation of its presence would be significant because of the importance of muscle to glucose regulation and its susceptibility to the development of insulin resistance. In addition to driving DAG accumulation, TSH correlated well with body mass index values and positively correlated with HOMA-IR values (134). This suggests that TSH and its peripheral receptor may be novel contributors to fasting-induced adaptations in TH-and insulinmediated signaling. Because TSH levels are not consistently decreased in the fasting-adapted mammals that have been examined (e.g., black bears and northern elephant seals), and the thyroid gland appears to be resistant to the consequences of hibernation-associated fasting (113), TSH could be an important contributing factor in the evolution of adaptive fasting.
Additionally, the transitions among the phases of substrate utilization are associated with dynamic shifts in cellular metabolism and RQ. However, in naturally adapted animals, although the metabolic shifts may be extremely dynamic at a cellular level, these shifts do not usually translate into profound changes in RQ, as demonstrated by the work in the northern elephant seal (73, 79) . The present review has highlighted incongruences in the data and expounded on the variability in the responses of THmediated signaling and its potential contribution to insulin resistance among an array of mammals. However, further investigation into the relationships between TH and insulin signaling as it relates to insulin resistance using non-traditional animal models may prove highly beneficial. Elephant seals, for example, can provide an intriguing model to better understand the TH-mediated reliance on lipid metabolism that is not otherwise present in morbidly obese humans that may elucidate potential therapeutic targets of thyroid hormones for human obesity. Nonetheless, the full complement of factors that contribute to the coordinated regulation of thyroid hormone and insulin signaling, including those that modulate intermittent periods of reversible insulin resistance, remains to be discovered. Undoubtedly, the study of animals that have naturally evolved robust physiological mechanisms that allow them to tolerate and thrive in extreme environmental and nutritional conditions should contribute significantly in this discovery 
